Although cyanobacterial blooms and cyanotoxins represent a worldwide-occurring phenomenon, there are large differences among different countries in cyanotoxin-related human health risk assessment, management practices and policies. While national standards, guideline values and detailed regulatory frameworks for effective management of cyanotoxin risks have been implemented in many industrialized countries, the extent of cyanobacteria occurrence and cyanotoxin contamination in certain geographical regions is underreported and not very well understood. Such regions include major parts of tropical West and Central Africa, a region constisting of more than 25 countries occupying an area of 12 million km 2 , with a total population of 500 milion people. Only few studies focusing on cyanotoxin occurrence in this region have been published so far, and reports dealing specifically with cyanotoxin contamination in drinking water are extremely scarce. In this study, we report seasonal data on cyanobacteria and microcystin (MC) contamination in drinking water reservoirs and adjacent treatment plants located in Ghana, West Africa. During January-June 2005, concentrations of MCs were monitored in four treatment plants supplying drinking water to major metropolitan areas in Ghana: the treatment plants Barekese and Owabi, which serve Kumasi Metropolitan Area, and the plants Kpong and Weija, providing water for Accra-Tema Metropolitan Area. HPLC analyses showed that 65% samples of raw water at the intake of the treatment plants contained intracellular MCs (maximal detected concentration was 8.73 µg L -1 ), whereas dissolved toxins were detected in 33% of the samples. Significant reduction of cyanobacterial cell counts and MC concentrations was achieved during the entire monitoring period by the applied conventional water treatment methods (alum flocculation, sedimentation, rapid sand filtration and chlorination), and MC concentration in the final treated water never exceeded 1 µg L -1 (WHO guideline limit for MC-LR in drinking water). However, cyanobacterial cells (93-3,055 cell mL -1 ) were frequently found in the final treated water and intracellular MCs were detected in 17% of the samples (maximal concentration 0.61 µg L -1 ), while dissolved MCs were present in 14% of the final treated water samples (maximal concentration 0.81 µg L -1 ). It indicates a borderline efficiency of the water treatment, thus MC concentrations in drinking water might exceed the WHO guideline limit if the treatment efficiency gets compromised. In addition, MC concentrations found in the raw water might represent significant human health risks for people living in areas with only a limited access to the treated or underground drinking water.
INTRODUCTION
Concerns regarding the presence of cyanobacterial toxins (cyanotoxins) in drinking water and associated health effects have raised research and public health interest worldwide. Microcystins (MCs) are probably the most frequently found cyanotoxins which can be produced by various cyanobacterial genera including water bloom-and scum-forming planktonic cyanobacteria such as Dolichospermum (formerly Anabaena), Microcystis or Planktothrix (Manganelli et al., 2012) . Cyanobacteria representing these genera have been previosly identified in Ghanaian water reservoirs along with other cyanobacterial species potentially producing MCs (Addico et al., 2006 (Addico et al., , 2009 (Addico et al., , 2017 . MCs are highly toxic for mammals with acute LD 50 as low as 50-60 µg kg -1 , mouse, i.p. (Bláha et al., 2009; Van Apeldoorn et al., 2007) . Their acute effetcs are primarily manifested in liver but MCs have been shown to induce gastrointestinal and renal damage or neurological symptoms as well (Manganelli et al., 2012) . Chronic exposures to MCs have been linked to tumor promoting and carcinogenic effects which is based on laboratory animal and in vitro experiments (Svircev et al., 2010) and supported also by results of epidemiologic studies of human population consuming drinking water contaminated by these cyanotoxins (Fleming et al., 2002; Svircev et al., 2009 Svircev et al., , 2013 Svircev et al., , 2014 Ueno et al., 1996; Yu et al., 1995; Zhou et al., 2002) . In fact, MCs have been classified as possible human carcinogen (class 2B) by the International Agency for Research on Cancer (Grosse et al., ). In addition, other epidemiological studies associated exposures to toxic cyanobacterial blooms and MCs with chronic liver damage (Chen et al., 2009; Li et al., 2011; Zhang et al., 2015) , and MCs were also implicated in neurotoxicity and neurodegenerative diseases (Feurstein et al., 2009 (Feurstein et al., , 2010 . MCs are therefore regarded as human health hazard. Exposure of human beings to MCs can occur via different routes, such as recreational and sport activities in contaminated water, consumption of contaminated fish products or food supplements, and consumption of contaminated drinking water (Manganelli et al., 2012) . The World Health Organization (WHO) set a provisional guideline limit of 1 µg L -1 of MC-LR in drinking water (WHO, 1998) . Negative health outcomes resulting from drinking of water contaminated with cyanobacteria or cyanotoxins have been reported worldwide (Bláha et al., 2009; Van Apeldoorn et al., 2007; Wood, 2016) . The only documented case of cyanobacteria-associated poisoning in Africa has been reported from Harare, Zimbabwe, where annual outbreaks of gastroenteritis among infants occurred after development of cyanobacteria blooms of Microcystis aeruginosa (KüTZ-ING) KüTZING and Dolichospermum flos-aquae (BRESSON EX BORNET & FLAUHAULT) in Lake Chievero (Zilberg, 1966) . However, there is also a documented case of threetime rise of gastroenteritis and 4.3-time increase of liver cancer incidence rate in Harare during the period 1990-2001 (Ndebele and Magadza, 2006) . Although the extent to which this situation is linked to algal toxins is unclear, Johansson and Olsson (1998) reported that MC concentration in Lake Chievero was around 13.9 µg L -1 and MC was also detected in municipal tap water.
In the last decades, MC occurrence has been investigated in some African countries, with MCs reported from Northern Africa (Algeria, Egypt, Morocco, Tunisia), Eastern Africa (Ethiopia, Kenya, Mozambique, Tanzania, Uganda), Southern Africa (Botswana, Lesotho, South Africa) (Mowe et al., 2014; Harke et al., 2016; Ndlela et al., 2016) . However, available data about cyanotoxin contamination are still very scarce for most African countries and being nearly absent for regions such as West and Central Africa (Mowe et al., 2014; Harke et al., 2016; Ndlela et al., 2016) . These are two large geographical areas with 26 countries and nearly half a billion inhabitants, where Central Africa is represented by nine countries populated by approximately 155 mil people, and West Tropical Africa by 17 countries with a combined population of about 344 mil people (UNSD, 2014) . Toxic or potentially toxic cyanobacterial blooms seem to occur frequently in this geographical area (Addico et al., 2006 (Addico et al., , 2009 (Addico et al., , 2017 Akin-Oriola et al., 2006; Berger et al., 2006; Haande et al., 2007; Mhlanga et al., 2006; Odokuma and Isirima, 2007) . Nevertheless, MCs in this region have been so far reported from Nigeria (Chia et al., 2009a (Chia et al., , 2009b Chia and Kwaghe, 2015) and detected in water reservoirs Brimsu, Kwanyarko, Kpong and Weija in Ghana (Addico et al., 2006; Addico et al., 2017) . Studies investigating cyanotoxins in drinking water and their removal during the water treatment have been even more scarce on the entire African continent, known to be conducted for example in Egypt (Mohamed and Carmichael, 2000) , Algeria (Nasri et al., 2004) , South Africa (Harding et al., 2009) , and recently in two drinking reservoirs in Central Ghana (Addico et al., 2017) .
In the present study, we investigated seasonal occurrence and removal of cyanobacteria and MCs in four treatment plants supplying the two major metropolitan areas in Ghana with drinking water. The study provides very rare but important information regarding the efficiency of drinking water treatment, concentrations and health risks of MCs in drinking water in the understudied geographical region of Central and West Tropical Africa.
METHODS

Study area
The Barekese Reservoir is a mesotrophic reservoir (Addico et al., 2009) , which lies on latitude 6° 49′ 50.2″ N and longitude 1°43′ 21.8″ W (Fig. 1) . This reservoir was formed in 1970, it has a surface area 6.4 km 2 and maximal depth 15 m (Amuzu, 1975) . It is located on the River Ofin, which flows through many farming areas before reaching the dam site (Kumasi et al., 2011) .
The Owabi Reservoir, also mesotrophic (Addico et al., 2009) , is located on latitude 6°44′ 35.7″ N and longitude 1°42′ 13.4″ W (Fig. 1) . It was constructed in 1928 and upgraded in 1954. The reservoir has a surface area about 3.5 km 2 and a mean depth 7 m (Akoto et al., 2014) . The Owabi Reservoir is fed by seven rivers/streams, all of which flow through the densely populated Kumasi Metropolitan Area and the central business and industrial areas. The Owabi and Barekese Reservoirs are both situated in the Ashanti Region of Ghana and serving as major water supplies to Kumasi Metropolitan Area with a population over 2 mil people. The Owabi reservoir is designed to produce up to 20% of the total potable water requirement (Akoto et al., 2014) , while the Barekese treatment plant is providing about 80% of the total piped drinking water to the Kumasi metropolis (Kumasi et al., 2011) . The Kpong Reservoir, described as mesotrophic (Addico et al., 2009) , is located in the Eastern Region of Ghana on 6°07′ 1.3″ N 0°07′ 31.6″ E (Fig. 1) . It was constructed in 1981 on the Volta River system mainly to provide hydroelectricity to supplement power generated from the Volta River dam. It has a total surface area of 38 km 2 , maximal depth of 15 m with a mean depth of 5 m, and a mean annual flow 1183 m 94 Asante, 1998; Quarcoopome et al., 2011) . The Kpong Reservoir apart from power generation is also used for drinking water production, irrigation, recreation and also well known for its fisheries, especially the tilapias. The Weija Reservoir, a eutrophic reservoir (Addico et al., 2009) , is situated in the Greater Accra Region of Ghana and lies on latitude 5° 34′ 7.1″ N and 0°20′ 44.8″ W (Fig. 1) . It has a surface area of about 38 km 2 , a mean depth of 5 m and a mean annual flow of 54.2 m 3 s -1 (AnsaAsare and Ansong- Asante, 1998 , Asante et al., 2008 . The Weija Reservoir was built in 1977 on the Densu River system. This river system is under intensive threat from heavy pollution mainly from domestic and agricultural wastes. Major crops include maize, cassava, pineapples, pawpaw, banana, sugar cane and vegetables. Fishing is also very intensive in the reservoir sometimes with the use of chemicals. The Kpong and Weija Reservoirs are the two main drinking water supplies serving the AccraTema Metropolitan Area with a population about 2.3 mil people, with the Kpong treatment plant providing approximately 47% and the Weija plant about 53% of piped drinking water for the metropolis (Stoler et al., 2012) .
Drinking water treatment procedure
The water treatment procedure in the studied treatment plants starts from the water intake. In most reservoirs, raw water was collected from depths between 5 to 7 m (Addico et al., 2006) , with the exception of the Barekese plant, where the intake point is placed at the level 1.5-3 m from the surface (Amuzu, 1975) . Raw water is sieved using a mesh to remove big objects like plant parts, twigs etc. This step is followed by flocculation using aluminium sulphate (alum) at a 100 mg L -1 dose, mixing and passing The exception is represented by the Kpong Reservoir water treatment plant, where alum flocculation is not regularly applied during water treatment and water is prechlorinated before the filtration step. Filtration is then done by the rapid sand filtration method and the pH is adjusted to between 6.6 and 8.5 using lime. The final stage involves chlorination employing chlorine gas or calcium hypochlorite with a concentration of 0.5 to 1 mg L -1 of residual chlorine after a contact time of about 30 min (Fig. 2) . All samples from the water intake to chlorination step were collected consecutively and within the same day. It is important to mention that during one time of sampling at the Owabi treatment plant, algaecide treatment with copper sulphate was simultaneously being applied in the reservoir.
Sampling and cyanobacteria determination
Samples for MC and cyanobacteria analysis were collected monthly from January-June 2005 from drinking water treatment plants at the Barekese and Owabi Reservoirs, and biweekly at the Weija and Kpong Reservoirs. Water samples (1 L) were collected into clean plastic (PET) bottles from each treatment stage, namely: i) raw water at the intake; ii) flocculation (except the Kpong treatment plant); iii) sedimentation tanks or clarifiers; iv) filtered water; and v) final chlorinated water. A total number of 127 samples were analysed for intracellular MCs in the four reservoirs, whilst 59 samples were analysed for dissolved MCs. The lower number of samples analysed for dissolved MCs was due to financial constraints during the field work in Ghana and losses during the sample transport from Ghana to the United Kingdom.
Samples for microscopic determination of cyanobacterial species composition were collected from raw water and final treated water using plankton net (25 µm) or by simply filling a bucket. Net samples were preserved for taxonomic work with formalin at the final concentration of 2% (v/v), whilst water samples were preserved in Lugol's solution for quantitative microscopical analysis as described in Addico et al. (2006 Addico et al. ( , 2009 using Olympus BX51 and BX60 microscopes equipped with objectives 10, 20, 40, 60 and 100X (Olympus) . Briefly, the aliquots of the samples were transferred into counting chambers for analysis, where all colonies and filaments were counted as individuals. The average number of cells was determined for 20 individuals and cell concentration was calculated. Sub-samples for counting picocyanobacteria were filtered through a 0.2 μm Nucleopore filter prestained with Irgalan black. Cells were stained with Dapi (4-diamidino-2-phenylindole dihydrochloride) and counted under the fluorescence (Excitation 330-385 nm, Emission 510-560 nm). About 300-400 picocyanobacterial cells were counted for each sample. All data on abundance were expressed as number of cells per mL, including the cells inside colonies. Identification of cyanobacteria species was carried out at the Institute of Botany of the Czech Academy of Sciences, Trebon, Czech Republic under the supervision Prof. Jiří Komárek and using the recent taxonomical literature Anagnostidis, 1999, 2005) .
Extraction of cell-bound (intracellular) MCs
Water samples (1 L) were filtered through preweighed GF/C filter (1.2 µm mesh, Whatman). The cells collected on the filters were frozen overnight and freeze-dried. Freeze-dried cells on filters were stored at -20°C until extracted for HPLC analysis. Extraction of cell-bound (intracellular) toxins from freeze-dried cells was done as described by Harada et al. (1999) . Cells were extracted with 20 mL of 75% aqueous methanol (Fastner et al., 1998) for 1 hour. This extraction step was repeated three times, the extracts from the individual steps were combined and then dried using a rotary evaporator. The concentrated extract was dissolved in 400 µL methanol prior to HPLC analysis, filtered through 0.45 µm nylon syringe filter (Millipore). 
Extraction of dissolved (extracellular) MCs
Filtrates of water samples (1 L) filtered through GF/C filter (see above) were processed according to Harada et al. (1999) . Briefly, filtrates were treated with sodium thiosulphate (2 mg L -1 ), acidified with trifluoroacetic acid (TFA, 0.1%, v/v) and concentrated using solid phase extraction by ODS cartridges (Supelclean LC-18, 3 mL Tube, Supelco). Cartridges were activated with 5 mL of methanol and rinsed with 5 mL of distilled water prior to the application of the sample. MCs were then eluted with 15 mL of 0.1% TFA in methanol, the eluate was evaporated to dryness by rotary vacuum evaporation (45 C) and then redissolved in 400 µL methanol in an ultrasonic bath.
Identification and quantification of MCs
MCs were identified and quantified using high performance liquid chromatography (HPLC Agilent 1100 series) system, coupled with a diode array detector (DAD). MCs were separated on a C-18 column Luna 150×4.60 mm, 5 µm (Phenomenex) at 30°C using a flow rate of 1 mL min -1 . The binary gradient of the mobile phase consisted of (A) H 2 O+0.05% TFA and (B) acetonitrile +0.05% TFA, with a linear increase from 30 to 70% B between 0-30 min. The injection volume was 20 µL. Chromatograms were recorded at 238 nm. UV spectra (200 to 300 nm) of all chromatographic peaks were carefully checked and compared to the spectra of MC standards: MC-LF, -LR, -LW, -RR and -LY (Alexis Biochemicals).
Peaks possessing the UV spectrum characteristic for MCs were quantified using a calibration curve (n=5, r 2= 0.999) of the corresponding standard with the matching retention time. Unidentified peaks possessing the UV spectrum characteristic for MCs but not matching the retention time of the standards were quantified as MC-LR equivalents using the calibration curve of MC-LR (McElhiney and Lawton, 2005) . The detection limit of the method (LOD) was 0.01 µg L -1 for the individual MC variant.
RESULTS
Cyanobacteria removal
In this study, we complemented previous data on cyanobacterial concentrations in the raw water (Addico et al., 2009 ) with a new data set on cyanobacterial cell counts in the final treated water, and also with MC analyses, in order to discuss relationships between MC occurrence, cyanobacterial diversity, and their removal during the drinking water treatment. As reported, all four reservoirs were dominated by cyanobacteria, which accounted for 70-90% of phytoplankton biomass (Addico et al., 2009) . Detailed results of microscopical analyses of cyanobacterial species composition are summarized in Tabs. 1-4, the complete list of the identified species is provided in the Supplementary Tab. 1. Representatives of picocyanobacterial genera Cyanogranis, Aphanocapsa and Geitlerinema were among the most aboundant species The cyanobacterial cell counts in the final water from the Weija Reservoir were found to be between 369-3,055 cell mL -1 (Tab. 4). Overall, the drinking water treatment process eliminated >97-99.9% of cyanobacterial cells, however, cyanobacteria were detected in 100% samples of treated water collected from all four treatment plants during the entire sampling period.
MC removal
Commonly occurring MC variants identified in the examined reservoirs were MC-LR, -LF, -RR and -YR. The highest diversity of MC variants was observed in the Weija Reservoir, where also two additional peaks possessing MClike UV absorption spectrum were identified. Out of the 26 samples of raw water, 17 samples (65%) contained intracellular MCs (Fig. 3 , Tab. 5). During the water treatment process, concentrations of both intracellular as well as extracellular toxins generally decreased with the treatment (Fig. 3) . Statistically significant (P<0.05) correlation (Spearman's rank correlation coefficient ρ) between MC concentration and the order of treatment step was found: ρ=0.996 (Barekese), ρ=0.861 (Owabi), ρ=0.987 (Kpong) and ρ=0.899 (Weija) for intracellular toxins, and ρ=1 (Barekese), ρ=0.911 (Owabi), ρ=0.965 (Kpong) and ρ=0.980 (Weija) for dissolved toxins. However, increases in concentration of both intracellular and dissolved MC were observed in some cases after the flocculation/sedimentation steps of water treatment ( Fig. 3 and Supplementary Figs. 1-4) . Five samples of the treated water (17%) contained intracellular or In the Barekese Reservoir, MCs were detected during two out of six sampling months (Tab. 5, Supplementary  Fig. 1 ). In one instance (February 10 th ), intracellular MCs were found in the sedimentation step and then in the sample of treated water (0.45 µg L -1 ), while dissolved MCs were found in the flocculation stage ( Supplementary Fig.  1 ). In April, intracellular MCs were detected in one sample of raw water at the concentration 0.46 µg L -1 , which further increased in the flocculation stage, but then decreased below the detectable levels in the next treatment step (Tab. 5, Supplementary Fig. 1 ).
The Owabi Reservoir was found to be more contaminated with MCs. All raw water samples from the Owabi treatment plant contained intracellular MCs (Tab. 5, Supplementary Fig. 2) . The highest detected concentration of intracellular MCs in the intake water from the Owabi Reservoir was 8.73 µg L -1 , and intracellular toxins were detected also in the final water in one instance (0.07 µg L -1 , March 17 th ). Dissolved MCs could be found in samples from all treatment stages of the Owabi treatment plant with the exception of the final stage (Tab. 5, Supplementary Fig. 2) .
In the Kpong Reservoir, MCs were detected relatively less frequently. Intracellular toxins were found only in two out of seven samples of intake water (Tab. 5, Supplementary Fig. 3) Supplementary Fig. 3) .
The raw water from the Weija Reservoir was more heavily contaminated with MCs, which were found in the particle fraction in ten out of 11 samples at the water intake, with the highest detected concentration 8.56 µg L -1 (Tab. 5, Supplementary Fig. 4) . Concentrations of intracellular MCs in the Weija Reservoir often increased at the flocculation step and gradually decreased as the treatment proceeded to the final water stage ( Supplementary Fig. 4) . One sample of the final drinking water contained 0.61 µg L -1 of intracellular MCs (February 9 th ). The highest concentration of dissolved MCs in the treated water (0.81 µg L -1 ) was observed on January 24 th , and resulted from an increase in the concentrations of dissolved toxins during the treatment process ( Supplementary Fig. 4 ).
DISCUSSION
As recently reviewed by Bernard et al. (2017) , ten cyanobacterial genera detected in our study (Tabs. 1-4, Supplementary Tab. 1) have been previously associated with MC production: Anabaena/Dolichospermum, Anabaenopsis, Aphanocapsa, Geitlerinema, Leptolyngbya, Merismopedia, Microcystis, Oscillatoria/Planktothrix, Pseudanabaena and Radiocystis. Indeed, we frequently detected intracellular MCs in the samples of raw water collected from four Ghanaian drinking water treatment plants. The cyanobacteria composition and potential MCproducers differed among the sampled reservoirs. The most abundant species in the Owabi Reservoir was C. ferruginea, which has not been previously reported to produce MCs and little information on its ecology or toxicity exists (Addico et al., 2009) . Since MCs were detected with high frequency in samples from the Owabi Reservoir, it might suggest this cyanobacterium could produce MCs. However, representatives of the above mentioned cyanobacterial genera associated with MC production, namely A. nygaardii, A. holsatica, Leptolyngbya sp. and P. recta were also present in the Owabi samples. Although concentrations of these species were much lower than C. ferruginea cell counts, their share of the total biomass might have been relatively larger due to the differences in their cell size. Since A. holstatica and P. recta (and also C. cronbergae) were detected along with C. ferruginea in the only Owabi sample of the treated water positive for MCs, it does not rule out these species as putative MC producers. In addition, MCs were detected much less frequently in the Barekese Reservoir, where C. ferruginea occurred in concentrations similar to Owabi. Other representatives of potentially MC-producing genera, such as A. nygaardii, Planktothrix sp., P. lacustris var. solitaria and P. recta were also present in the Barekese Reservoir, including the sample of treated water positive for intracellular MCs (February 10 th ). Thus, other species might have been responsible for MC production in the two reservoirs with abundant population of C. ferruginea, and experiments with the isolated strains are required to confirm picocyanobacterium C. ferruginea as a MC producer.
The highest encounted species in the Kpong Reservoir was G. unigranulatum. Cyanobacteria from Geitlerinema genus have been recently reported to produce MCs (Bernard et al., 2017; Myers et al., 2007; Valdor and Aboal 2007) . However, other putative producers of MCs were also present in the Kpong reservoir, most notably P. agardhii, which also penetrated into the final stage of the water treatment on the sampling days when intracellular MCs were detected in the final water (March 10 th , April 8 th ). The Weija Reservoir had a high diversity of cyanobacteria, including Anabaenopsis tanganyikae (G. S. WEST) WOLOSZYNSKA & V. V. MILLER, A. nygaardii, A. nubilum, M. tenuissima, M. aeruginosa, P. agardhii or P. recta, which are not only species representing the genera potentially producing MCs (Bernard et al., 2017) , but they were also detected in the final treated water containing intracellular MCs (February 9 th ). Interestingly, the major cyanobacterial species in the Weija and Kpong Reservoirs changed from years 2002-2003, when M. aeruginosa and D. flos-aquae were the most abundant, with their average concentrations in the water intake were around 10,000 cell mL -1 and corresponded to 41-51% of the total cyanobacterial cell counts (Addico et al., 2006) . Addico et al. (2006) also observed breakthrough of cyanobacteria to the final treated water at the averaged total cell counts 685 cell mL -1 , which is comparable to our current study. At that time, MCs were analyzed only in the water intake, where present at concentrations 0.03 µg L -1 in the Kpong Reservoir and 3.21 µg L -1 in the Weija Reservoir (Addico et al., 2006) . In 2010, cyanobacteria and MCs were analyzed also in the Brimsu and Kwanyarko treatment plants in Ghana. P. agardhii, D. flos-aque and P. recta were the most abundant species in the water intake from the Brimsu Reservoir, whereas M. aeruginosa followed by P. agardhii and Merismopedia punctata MEYEN accounted nearly for 80% of the cyanobacterial cell counts in the raw water in the Kwanyarko treatment plant (Addico et al., 2017) . Concentrations of cyanobacteria in the water intake were much lower (Brimsu: 2183 cell mL -1 , Kwanyarko: 1286 cell mL -1 ) than in the current study or in the study of Addico et al. (2006) , while concentrations of MCs in raw water were 0.79 µg L -1 in Brimsu and 0.10 µg L -1 in Kwanyarko. However, cyanobacteria (Brimsu: 103 cell mL -1 , Kwanyarko: 85 cell mL -1 ) as well as MCs (0.10 µg L -1 in both plants) were detected also in the final water (Addico et al., 2017) . These previously published findings together with the results presented in this paper demonstrate that MC-producing species and MC contamination are common and enduring health hazard in drinking water reservoirs in Ghana. Concentrations of cyanobacteria and MC have been shown to significantly decrease during the treatment process. Apparently, conventional drinking water treatment plants existing in Ghana were sufficiently effective in removing of MCs to the levels below the WHO limit for drinking water. However, samples of the final treated water often contained cyanobacterial cells. In addition to the most abundant species, i.e., C. ferruginea, G. unigranulatum and A. nubilum , other cyanobacterial species were observed to infiltrate the final water. These included most notably Planktothrix sp., C. raciborskii (Barekese, Kpong and Weija), P. recta (Barekese, Owabi), A. holstatica, Leptolyngbya sp. (Owabi), A. nygaardi (Barekese, Weija), C. cronbergae and M. aeruginosa (Weija), which were often found in the final water in disproportionately higher share than in the raw water. Correspondingly, intracellular or particle-associated MCs were found in the treated water, which indicates that the treatment process should be further optimized to remove cyanobacterial cells more effectively. This could include adjustments of the flocculant amount or application of a flocculant aid in response to changes in the raw water quality affecting coagulationflocculation-sedimentation process, such as turbidity, concentration of suspended solids and natural organic matter, phytoplankton abundance and composition (Hoeger et al., 2005; Merel et al., 2013; Westrick et al., 2010) .
Our results also indicate that the stage with alum flocculation during the drinking water treatment yielded the higest intracellular MC concentrations. Samples from the flocculation stage were taken in the same manner as all the stations (water mixed with flocs). This might be due to large number of cells trapped in the flocs, as reported by Pietsch et al. (2002) . Interestingly, the overall frequency of samples containing dissolved MCs also increased after the flocculation step (Barekese, Owabi, Weija) or pre-chlorination (Kpong). This is in agreement with previous observations that these treatment steps can lead to the damage of cyanobacterial cells due to sheer stress or chemical oxidation, resulting in the release of cyanotoxins into the surrounding water (Hoeger et al., 2005; Hrudey et al., 1999; Merel et al., 2013; Pietsch et al., 2002; Westrick et al., 2010) .
Concentrations of dissolved MCs tended to decrease during the further steps of the water treatment, which might be attributed to their biodegradation during rapid sand filtration (Ho et al., 2006) or chlorination (Merel et al., 2010) . However, the applied water treatment procedures in some instances actually resulted in the increase of dissolved MC concentrations even in the final treated water (Weija, January 24 th , and Kpong, March 24 th ), which indicates that the conventional treatment procedures are only partially effective for removal of dissolved toxins.
Among the four reservoirs studied, the Owabi Reservoir was the most contaminated reservoir in terms of both intracellular and dissolved MCs. As mentioned earlier in the methodology at the time of sampling the Owabi treatment plant, algaecide treatment with copper sulphate was simultaneously being done during water treatment and this may account for the higher level of samples containing dissolved MCs in this reservoir, putting consumers at higher risk of exposure to MCs. The dangers of using algaecides in drinking water reservoirs was demonstrated in an incident which occurred on tropical Palm Island, Australia, where members of the community became ill with hepato-enteritis following treatment of the water supply reservoir with copper sulphate after complaints of bad taste and odour from the population (Byth, 1980; Bourke et al., 1983) . Jones and Orr (1994) suggested that if algaecides are used to control toxic cyanobacteria, the reservoir should be isolated for a period to allow the toxins and odour to degrade.
Although MC concentrations detected in samples of final treated water in our study were lower (0.07-0.81 µg L -1 ) than recommended WHO limit for MC-LR, Hoeger et al. (2005) cautioned that due to tumor promoting activities of MCs, chronic exposure of populations to concentration above 0.1 µg L -1 should be avoided. In fact, negative health outcomes have been associated with consumption of drinking water containing less than 1 µg L -1 of MCs, such as high incidence of primary liver cancer associated with the use of MC-contaminated water (maximal concentration 0.46 µg L -1 ) in Southern China (Ueno et al., 1996; Yu, 1989 Yu, , 1995 . However, it must be mentioned that other risk factors such as hepatitis B and exposure to aflatoxins from maize and other cereals were also implicated (Ueno et al., 1996) . Chronic exposures to water contaminated with MCs at concentrations 1.1-3.28 µg L -1 have been linked with the increased incidence of colorectal cancer (Zhou et al. 2002) or liver damage (Chen et al., 2009; Li et al., 2011) in China. In addition, there are reports on statistically significant associations between cyanobacterial blooms and non-alcoholic liver disease in USA (Zhang et al., 2015) or primary liver cancer in Serbia (Svircev et al., 2009 (Svircev et al., , 2013 (Svircev et al., , 2014 .
The levels of MCs similar to those observed in this study have been linked also to acute effects (Wood, 2016) . In Sweden, MCs at concentrations 0.1-0.5 µg L -1 were detected in the drinking water during an acute non-fatal outbreak of gastroenteritis associated with mass development of MC-producing P. agardhii in the raw water supply (Annadotter et al., 2001) . These reports indicate that negative health outcomes resulting from both acute and chronic exposure to drinking water contaminated with cyanobacteria might be associated with concentrations of MCs around 1 µg L -1 which might also interact with other factors, such N o n -c o m m e r c i a l u s e o n l y as other bioactive substances from cyanobacteria (lipopolysaccharides and other cyanobacterial metabolites), pathogens or anthropogenic contaminants. More importantly, about 40% of people in Ghana overall and up to 80% in the rural areas does not have an access to the treated piped water (Kumasi et al., 2011; Stoler et al., 2012) , and thus eventually relies on surface water and shallow wells without any treatment. This situation might pose much more serious human health risk, since according to our study, MCs occurred very frequently in the raw water, often at concentrations higher than WHO limit (27% samples of intracellular toxins). Massive proliferations of cyanobacteria are likely to continue during the next years due to the ongoing eutrophication and climate change (O'Neil et al., 2012) . In combination with unsolved and increasing demands for safe drinking water in Ghana (Stoler et al., 2012) , cyanotoxin occurrence in drinking water reservoirs in Ghana represents long-standing and probably intensifying issue, which needs to be adequately addressed by scientists, water treatment management and public health authorities.
CONCLUSIONS
Safe drinking water has been recognised as one of the most critical factors to guarantee long-term population health. Our study clearly demonstrated that the four studied treatment plants successfully met the WHO guideline value of 1 µg L -1 . However, not only dissolved but also intracellular toxins and cyanobacterial cells were found in the final treated water, which indicates a borderline efficiency of the water treatment, possibly resulting in higher toxin concentrations if the treatment procedure gets compromised. In addition, populations drinking untreated surface water can be more often exposed to MC concentrations exceeding 1 µg L -1 . The lessons to be learnt from this study are: i) The development of cyanobacterial blooms and MC contamination represent a serious health hazard all over the world and Ghana is no exception; ii) since there are neither cyanobacteria monitoring programs nor guidelines for MC concentration in drinking water in Ghana, it is recommended that all reservoirs used for drinking water production should be monitored regularly to optimize water treatment process and to protect the public health; iii) other cyanotoxins such as cylindrospermopsin or neurotoxins should be also considered in the further research, since their potential producers were detected in our study; iv) surface water resources should be protected through proper watershed management practices to reduce eutrophication and thus cyanobacteria blooms; v) mass education should also be undertaken to inform the public of the dangers of cyanobacteria and toxins and more importantly about their negative health effects on humans. 
